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Cryptococcus neoformans is an encapsulated fungal pathogen known to cause severe disease in immunocom-
promised patients. The disease, cryptococcosis, is mostly acquired by inhalation and can result in a chronic
meningoencephalitis, which can be fatal. Here, we describe a molecular method to identify the varieties and
genotypic groups within the C. neoformans species complex from culture-based assays. The method employs a
novel flow cytometer with a dual laser system that allows the simultaneous detection of different target
sequences in a multiplex and high-throughput format. The assay uses a liquid suspension hybridization format
with specific oligonucleotide probes that are covalently bound to the surface of fluorescent color-coded
microspheres. Biotinylated target amplicons, which hybridized to their complementary probe sequences, are
quantified by the addition of the conjugate, streptavidin R-phycoerythrin. In this study we developed and
validated eight probes derived from sequence analysis of the intergenic spacer region of the rRNA gene region.
The assay proved to be specific and sensitive, allowed discrimination of a 1-bp mismatch with no apparent
cross-reactivity, and detected 101 to 103 genome copies. The described protocol, which can be used directly with
yeast cells or isolated DNA, can be undertaken in less than 1 h following PCR amplification and permits
identification of species in a multiplex format. In addition to a multiplex capability, the assay allows the
simultaneous detection of target sequences in a single reaction. The accuracy, speed, flexibility, and sensitivity
of this technology are a few of the advantages that will make this assay useful for the diagnosis of human
cryptococcal infections and other pathogenic diseases.

Cryptococcosis is a disease that has become the focus of
attention in Europe, America, Africa, and Southeast Asian
countries (3, 14, 18, 21, 29, 54, 56, 66, 67, 68, 70). Prior to the
availability of highly active antiretroviral treatment, the dis-
ease, which is caused by the basidiomycetous yeast Cryptococ-
cus neoformans, was considered the fourth major cause of
mortality in individuals with AIDS (40). In recent years, the
incidence of cryptococcosis in America and Europe has de-
creased, but nevertheless, it continues to be a serious and fatal
disease, with a similar mortality rate as in the past, especially in
immunosuppressed human immunodeficiency virus (HIV)-in-
fected individuals and individuals who have limited access to
medical care for HIV infection (54). C. neoformans has a
strong predilection for the meninges and the spinal fluid in
AIDS patients; however, cryptococcal pneumonia is common
in non-AIDS patients, especially for those who undergo che-
motherapy or organ transplantation (34).

The encapsulated yeast C. neoformans represents a species
complex comprising two species: C. neoformans var. grubii (se-
rotype A), C. neoformans var. neoformans (serotype D), and
Cryptococcus gattii (serotypes B and C). In addition to the four
serotypes, there is a hybrid serotype, serotype AD. The species
C. neoformans appears to affect immunocompromised hosts,
whereas C. gattii commonly infects patients with healthy im-
mune systems and usually invades the brain parenchyma (8).
The species differ in their geographical distributions, ecologies,

physiologies, and molecular and morphological characteristics
(6, 8, 16, 38). Although C. neoformans var. grubii rank isolates
as the most commonly encountered clinical strains worldwide,
C. neoformans var. neoformans clinical isolates are frequently
encountered in Europe (19, 42). C. gattii occurs in tropical and
subtropical areas, as opposed to the cosmopolitan worldwide
distribution of C. neoformans var. grubii and C. neoformans var.
neoformans (4, 8, 24). However, the geographic boundary ex-
panded with the recent outbreak of C. gattii in the Vancouver
Islands, British Columbia (39, 71).

In addition to classical yeast identification techniques, mo-
lecular assays have been used for the identification of C. neo-
formans species complex, some of which include randomly
amplified polymorphic DNA analysis (38), amplified fragment
length polymorphism (AFLP) analysis (6), karyotyping (7, 59),
PCR fingerprinting (12, 23, 38, 53), sequencing (16, 38), and
PCR-restriction fragment length polymorphism analysis (19,
43). Even though these techniques have successfully identified
C. neoformans at the species and the genotypic levels, some of
these techniques are not easily adapted for use in routine
diagnostic laboratories (43). The present study describes a
rapid and reliable molecular bead-based method that allows
the simultaneous detection of the varieties and genotypes of
the C. neoformans species complex. This molecular assay uses
specific oligonucleotide probes derived from unique sequence
areas of the intergenic spacer (IGS) region of the rRNA gene.
Based on sequence divergences in the IGS region, which is a
nonconservative, fast-evolving region frequently used as a tool
for species identification (16, 17, 25, 62), Diaz et al. (16)
showed that C. neoformans portrayed five distinct phylogenetic
lineages represented by genotype 1, with subgenotypes 1a, 1b,
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and 1c (Cryptococcus neoformans var. grubii); genotype 2, with
subgenotypes 2a, 2b, and 2c (Cryptococcus neoformans var.
neoformans); and genotypes 3, 4, and 5 (C. gattii). Recently, a
new IGS region genotypic group, which comprised one isolate
from Africa and two isolates from India, has been described
(14a). Therefore, this new genotypic group within the C. gattii
complex has been added to our list as genotype 6. The IGS
genotype classification correlates with previous AFLP geno-
typic data described by Boekhout et al. (6). The equivalent
types are as follows: IGS genotype 1, AFLP molecular type 1
plus AFLP molecular type 1A; IGS genotype 2, AFLP molec-
ular type 2; IGS genotype 3, AFLP molecular type 6; IGS
genotype 4, AFLP molecular type 4; IGS genotype 5, AFLP
molecular type 5; and IGS genotype 6, AFLP molecular type 7
(39).

The molecular test developed uses Luminex xMAP technol-
ogy, a flow cytometer that allows the simultaneous identifica-
tion of the varieties and their genotypes by mixing different sets
of microspheres which contain specific capture probes derived
from target sequences. This technology can permit the simul-
taneous detection of 100 analytes by combining 100 different
sets of microspheres in a single reaction. Since each micro-
sphere set is internally dyed with two spectral fluorochromes of
different intensities, their unique spectral emissions are recog-
nized by a red laser. Upon hybridization, the biotinylated am-
plicon bound to the surface of the microsphere is recognized
by a green laser that quantifies the fluorescence of the reporter
molecule (streptavidin R-phycoerythrin).

The scope of this paper is to report on a rapid, sensitive, and
specific molecular assay for the identification of the varieties
and genotypic groups of the species complex of C. neoformans.
The sequence in the nonconservative region of the intergenic
spacer region allowed us to develop specific probes that could
be used to target the varieties and genotypes.

MATERIALS AND METHODS

Isolates. Clinical and environmental DNA isolates from different geographic
areas were analyzed. The sources of isolation, genotypes, and serotypes are
described in Table 1. Serotype data were obtained from the Centraalbureau voor
Schimmelcultures (CBS) collection, Boekhout et al. (6), or information provided
by the depositors of the isolates.

DNA isolation and PCR. PCR amplifications employed either DNA isolated
from cultured cells or direct detection from cells. Isolated DNA was obtained
from cultured cells as described by Fell et al. (26) by using lysing enzyme and the
QIAmp tissue kit (QIAGEN Inc.) or by the cetyltrimethylammonium bromide
method (55). Direct detection from cultured cells employed a pinhead-size
portion of a colony diluted in 15 �l of sterile, distilled water. The culture was
grown for 2 days in glucose-peptone-yeast at 25°C. The microcentrifuge tube was
vortexed, after which 4 �l of the cell suspension was transferred into the PCR
mixture.

Amplification reactions used the forward primer IG1F (5�-CAGACGACTT
GAATGGGAACG), located at positions 3613 to 3633 of the large rRNA re-
gion), and the reverse primer IG2R (5�-ATG CAT AGA AAG CTG TTG G),
located at position 791 of the IGS1 region. The reverse primer was biotinylated
at the 5� end. The PCR was carried out in microtubes with QIAGEN HotStarTaq
Master Mix in a final volume of 50 �l. The master mixture contained 10 ng to 1
pg of genomic DNA; 1.5 mM MgCl2; 0.4 �M of forward and reverse primer
pairs; 2.5 units of HotStarTaq polymerase; and deoxynucleoside triphosphates
(dNTPs) containing 200 �M each of dGTP, dCTP, dTTP, and dATP. PCR was
performed with an MJ Research PTC 100 thermocycler and consisted of an
initial activation at 95°C for 15 min, followed by 35 cycles amplification: 30 s of
denaturation at 95°C, 30 s of annealing at 50°C, and 30 s of extension at 72°C. A
final elongation step was applied at 72°C for 7 min.

Capture probe design and validation. Probe design for C. neoformans species
complex and their genotypes employed sequence data from the IGS1 region (16).
These data, which are available on GenBank, contained over 100 sequences from
clinical and environmental strains (16). The sequences were aligned with the
Megalign program (DNAStar) to determine unique sequences that could be used
for probe development. When possible, probes were designed to be uniform in
length (21-mer). However, to avoid potential secondary structures (stem loops)
or an unstable delta G structure, some probes underwent length modification. To
assess the quality of the probe, the software program Oligo (Molecular Biology
Insights Inc.) was employed. The specificity of the prospective probe was
screened with GenBank BLAST. The secondary phase of the probe validation
was achieved by testing the performance of the probe in a bead-based hybrid-
ization assay format. The capture probes, which were complementary in se-
quence to the biotinylated strand of the target amplicon, were synthesized with
a 5�-end amino C-12 modification (Integrated DNA Technologies, Coralville,
IA). Each probe was covalently coupled to a different set of 5.6-�m polystyrene
carboxylated microspheres by a carbodiimide method (28), with slight modifica-
tions (15). Coupling optimization was carried out by adjusting the amount of
probe in a range from 0.2 to 0.5 nmol.

Hybridization assay. This bead suspension assay is based upon detection of 5�
biotin-labeled PCR amplicons hybridized to specific capture probes covalently
bound to the carboxylated surface of the microspheres. Hybridization was per-
formed in 3 M TMAC (tetramethyl ammonium chloride, 50 mM Tris, pH 8.0, 4
mM EDTA, pH 8.0, 0.1% Sarkosyl) solution. Duplicate samples containing 5 �l
of biotinylated amplicon were diluted in 12 �l of 1� TE (Tris-EDTA) buffer (pH
8) and 33 �l of 1.5� TMAC solution containing a bead mixture of �5,000
microspheres for each set of probes. Prior to hybridization, the reaction mixture
was incubated for 5 min at 95°C with a PTC 100 thermocycler (MJ Research).
This step was followed by 15 min incubation at 55°C. After hybridization, the
beads were centrifuged at 2,250 rpm for 3 min. Once the supernatant was
carefully removed, the 96-well plate was incubated for 5 min at 55°C and the
hybridized amplicons were labeled for 5 min at 55°C with 300 ng of freshly made
streptavidin R-phycoerythrin. The samples were centrifuged and the supernatant
was removed. This step was followed by the addition of 75 �l of 1� TMAC. The
samples were analyzed on the Luminex 100 analyzer. One hundred microspheres
of each set were analyzed, which represents 100 replicate measurements. Median
fluorescent intensity (MFI) values were calculated with a digital signal processor
and the Luminex 1.7 proprietary software. Each assay was run twice. A blank and
a set of positive and negative controls were included in the assay. The signal-to-
background ratio represents the MFI signals of positive controls versus the
background fluorescence for samples containing all components except the am-
plicon target. A positive signal corresponds to a signal which is twice the back-
ground level after the background has been subtracted.

The sensitivity of the assay was determined with serial dilutions of genomic
DNA (10 ng to 1 � 10–3 ng) and amplicons (500 to 1 � 10–3 ng). DNA
quantification was determined with a NanoDrop ND-1000 spectrophotometer by
using an absorbance of 260 nm. Prior to quantification, amplicons were purified
with QIAGEN Quick-spin. Reactions were performed in duplicate, and the
experiment was run twice.

To test the detection of multiple targets in a single reaction, amplicons which
were generated by a mix of genomic DNA from isolates that represent genotypes
1 to 5 were tested in the hybridization assay format. In order to determine the
optimum parameters for multitemplate PCR, several reactions were conducted
by using various concentrations of genomic DNA (5 to 10 ng), MgCl2 (1.5 to 2.25
mM), dNTPs (200 to 300 �M), polymerase (2.5 to 3.75 U), and PCR primers (0.4
to 0.8 �M). The PCRs were run with the standard PCR program. Five or 15 �l
of amplicon was used in the hybridization assay. The experiments were per-
formed twice.

To test the multiplex capability of the assay, individual sets of probes were
pooled into a bead mix and tested in one- and eightplex formats. Each plex assay
was tested with amplicons derived from single strains. Reactions were performed
in duplicate and the experiment was run twice.

RESULTS

Probe specificity. Eight probes were designed to target the
varieties and genotypic groups of the C. neoformans species
complex. The probes were tested and validated with �66 clin-
ical and environmental isolates listed in Tables 1 and 2. The
probes were designed to have a G�C content greater than
30%, a melting temperature greater than 50°C, and a length of
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TABLE 1. Experimental strains used to develop the probes and their sources of isolation, serotypes, and IGS genotypes

Straina Source of isolation Serotype Genotype

C. neoformans var. grubii
AVB12 RDA 4054 AIDS patient, The Netherlands A 1
CBS 916 Unknown A 1
Hamdan 214L AIDS patient, Brazil A 1
Hamdan MCP2 Pigeon dropping, Brazil A 1
RV 58146 Wood, Zaire A 1
RV 59351 Parrot droppping, Belgium A 1
RV 62210 Cerebrospinal fluid from AIDS patient, Belgium A 1
WM 148 Human, cerebrospinal fluid, Australia A 1
WM 553 House dust, Brazil A 1
WM 554 Dust from pigeon, Brazil A 1
WM 626 Human cerebrospinal fluid, Australia A 1
WM 712 Cat paranasal, Australia A 1
WM 719 AIDS patient, India A 1
WM 721 Pigeon dropping, India A 1
WM 723 Environmental isolate, United States A 1
NIH 192 Desert soil, United States A 1
NIH 193 Soil, United States A 1
NIH 443 Soil, United States A 1
H 99 Patient with Hodgkin’s disease, United States A 1

C. neoformans var. neoformans
AVB6 AIDS patient, The Netherlands D 2
CBS 132 Institut Pasteur, Paris, France AD 2
CBS 888 Unknown D 2
CBS 918 Dead white mouse D 2
CBS 950 Tumor AD 2
CBS 5728 Nonmeningitic cellulitis and osteomyelitis, United States D 2
CBS 6885 Lesion on bone of man, United States D 2
CBS 6886 Dropping of pigeon D 2
CBS 6900 Genetic offspring of CBS 6885 � CBS 7000 D 2
CBS 6901 Genetic offspring of CBS 6885 � CBS 7000 D 2
CBS 6995 Cerebrospinal fluid, non-AIDS patient, United States D 2
CBS 7815 Pigeon droppings, Czechoslovakia D 2
CBS 7816 Cuckoo dropping, Thailand D 2
CBS 7824 Unknown D 2
CBS 7825 Unknown AD 2
PCC09 Rio de Janeiro, Brazil D 2
RV 52755 Cerebrospinal fluid, Belgium D 2
WM 628 Human, cerebrospinal fluid, Australia AD 2
WM 629 Human, blood, Australia D 2
J9 AIDS patient, United States D 2

C. gattii
CBS 1930 Sick goat, Aruba B 3
CBS 5758 Unknown C 5
CBS 6289 Subculture of type strain RV 20186 B 4
CBS 6955 Spinal fluid, of Filobasidiella bacillispora, United States C 5
CBS 6994 Cerebrospinal fluid, United States C 5
CBS 7523 Eucalyptus camaldulensis, Australia B 4
CBS 7748 Air in hollow, Eucalyptus camaldulensis, Australia B 4
CBS 7749 Eucalyptus camaldulensis, Australia B 4
NIH 139 Patient, United States C 5
NIH 178 Patient, United States C 5
IMH 1658 Nest of wasp, Uruguay B 3
CGBMA6 Pink shower tree, Brazil B 3
CGBMA15 Pink shower tree, Brazil B 3
WM 178 Human, lung, Australia B 3
WM 179 Human, cerebrospinal fluid, Australia B 4
WM 717 Woody debris of Eucalyptus terricornis, United States B 4
WM 718 Woody debris of Eucalyptus terricornis, United States B 4
WM 726 Eucalyptus citriodora, United States B 5
WM 779 Cheetah, South Africa C 6
B5742 Human, cerebrospinal fluid, India C 6
B5748 HIV-infected patient, India B 6

a CBS, Centraalbureau voor Schimmelcultures; RV, Institute of Tropical Medicine; NIH, National Institutes of Health; WM, University of Sydney at Westmead
Hospital (Australia). The rest of the isolates were provided by individual researchers from America and Europe.
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21 bases. Some of the designed probes did not follow these
parameters. For example, CNG 5b displays a melting temper-
ature of 48.5°C, and CNN 1b is a 20-mer oligonucleotide. All
probes except for CNG 5b were coupled at 0.2 nmol; CNG 5b
was used at 0.5 nmol. The probe sequences are depicted in
Table 3.

The specificity of each probe was tested against the positive
control (perfect match), negative controls (more than three
mismatches), and cross-reactive groups (one to three mist-
matches). Six probes, represented by CNN 1b (genotype1),
CNN 2d (genotype 2), CNG 3 (genotype 3), CNG 4c (genotype
4), CNG 5b (genotype 5), and CNG 6 (genotype 6), were
developed to identify the genotypic groups, as described in the
IGS region phylogenetic tree of C. neoformans species complex
(16). In addition, two group-specific probes were designed to
identify members of the two main clades, represented by CNN
b, which includes strains belonging to C. neoformans var. neo-
formans-C. neoformans var. grubii and CNG, which includes all
the genotypic groups (genotypic groups 3 to 6) within C. gattii.

Under our capture assay conditions, the results demon-
strated that we can discriminate between probe sequences that
differ by 1 bp from the target sequence. To illustrate the spec-
ificity of our assay, probe CNG 4c, which targets genotype 4
isolates, was challenged against strains belonging to different
genotypic groups (Fig. 1). None of the potential cross-reactive
strains, represented as isolates displaying 1- to 3-bp differ-
ences, were found to cross-react with CNG 4c, indicating the
specificity of the assay (Fig. 1).

Figure 2A to H depicts the performance of all eight probes
tested against strains representing all six genotypic groups. The
probe specificity was accurate, as no cross-reactivity was ob-
served with nontarget isolates. For example, CNG 6 was spe-
cific and hybridized only with perfectly matching complemen-
tary sequences of strains, e.g., WM 779 and B 5742 (Fig. 2H).
No cross-hybridization was documented with nontarget strains
(e.g., IMH 1658, CBS 1930, CBS 6289, CBS 7748, CBS 7749,
CBS 7523, NHI 139 CBS 5758 CBS 6955, and NHI 178), with
two mismatches from the CNG 6 probe sequence, TAAcT
TCTCgCGCCCACTGTG, where the lowercase italic bases in-
dicate the mismatches (Fig. 2H). Overall, the specificity of this
bead-based assay was maintained when the base pair differ-
ence(s) was centrally located. An exception to this rule was
CNG 5b, which maintained specificity when it was tested with
genotype 3 isolates (IMH 1658 and CBS 1930) bearing two
off-centered base pair differences (indicated by the lowercase
italic bases) at positions 5 and 6, respectively, from the 5� end
(AAAAtgGGTAAATGTGGTATG) (Fig. 2G).

Some inherent variability in the probe hybridization signal
was found among positive control strains when they were chal-
lenged with their probe targets (Fig. 2A to H). When CNN b
was tested with various genotype 1 isolates, the MFI signals for
RV 62210 and CBS 950 were 1,800 to 576 MFI, respectively
(Fig. 2A). A similar scenario, where different positive control
strains displayed different signal intensities, was observed for
the other probes (Fig. 2B to H). Despite the differences in
signals among the positive control strains, all isolates displayed

TABLE 2. Results of identification of clinical and environmental strains used for the identification of the genotypes and varieties of
Cryptococcus neoformans species complex

Strain Source Serotype Geographic origin Species Genotype

CN 4 CSFa A Guine (Bissau) C. neoformans var. grubii 1
CN 32 Blood A Hospital Sta. Maria (Lisbon, Portugal) C. neoformans var. grubii 1
CN 38 Blood AD Hospital Sta. Maria (Lisbon) C. neoformans var. neoformans 2
CN 40 CSF AD Hospital Sta. Maria (Lisbon) C. neoformans var. neoformans 2
CN 43 CSF A Inst. for Tropical Medicine (Lisbon) C. neoformans var. grubii 1
CN 50 CSF A Hospital Sta. Maria (Lisbon) C. neoformans var. grubii 1
CN 55 CSF A Hospital Sto. Antonio (Oporto, Portugal) C. neoformans var. grubii 1
CN 59 CSF A Hospital Sta. Maria (Lisbon) C. neoformans var. grubii 1
CN 70 CSF A Hospital Sta. Maria (Lisbon) C. neoformans var. grubii 1
CN 74 CSF A Hospital Sta. Maria (Lisbon) C. neoformans var. grubii 1
CN 79 CSF D Institute Pasteur (Paris, France) C. neoformans var. neoformans 2
CN 83 CSF A Hospital Sta. Maria (Lisbon) C. neoformans var. grubii 1
CN 92 CSF A Hospital Sta. Maria (Lisbon) C. neoformans var. grubii 1
CN 95 CSF A Prisonal Hosp. (Lisbon) C. neoformans var. grubii 1
CN 112 Pigeon droppings A Veterinary School (Lisbon) C. neoformans var. grubii 1
PYCC 5025 Eucalyptus tree B Australia C. gattii 4

a CSF, cerebrospinal fluid.

TABLE 3. Probes sequences used for the detection of the varieties and genotypic groups of the Cryptococcus neoformans species complex

Probe Sequence Target

CNN b GCTCATTGTGGGTCCAGTCTT C. neoformans var. grubii/C. neoformans var. neoformans (genotypes 1 and 2)
CNN 1b GGATGGGCAGTAGAATTTTG C. neoformans var. grubii (genotype 1)
CNN 2d ACTGATCACCCAGCTAGAAAG C. neoformans var. neoformans (genotype 2)
CNG TGGTCAAGCAAACGTTTAAGT C. gattii (genotypes 3 to 6)
CNG 3 CTTGCAACTTGTCTGGCCCAC C. gattii (genotype 3)
CNG 4c GACTCTAATACGCTGGTCAAG C. gattii (genotype 4)
CNG 5b AAAACAGGTAAATGTGGTATG C. gattii (genotype 5)
CNG 6 TAAGTTCTCTCGCCCACTGTG C. gattii (genotype 6)
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MFI values of sufficient strength to allow differentiation of
positive from negative samples. In addition to the differential
hybridization response among strains with complementary tar-
get sequences, we found that the fluorescence intensities
among the probes varied considerably. For example, CNG 5b
and CNG 4c displayed fluorescent signals ranging �250 to 500
MFI, whereas others, CNN b, CNN 2d, CNG, and CNG 6,
displayed MFI values of over 1,000.

Probe multiplexing. Experiments were designed to test the
multiplex capability of the assay, which employed multiple
probes in a single reaction. After the probes were pooled, they
were challenged with a single amplicon target per well. The
results showed that all probes performed similarly when they
were tested in the uniplex and the eightplex formats. For ex-
ample, when tested in the uniplex and the eightplex formats,
the signal intensities of probes CNG 4c, CNG, and CNN 1b
differed by only 8, 2.7, and 12%, respectively (data not shown).

Probe validation with blind test isolates derived from clin-
ical and environmental sources. Probe validation was under-
taken with a blind collection of isolated DNA from 16 clinical
and environmental strains. Fourteen samples were clinical iso-
lates from HIV-positive individuals recovered from various
hospitals in Portugal; CN 79 originated from the Institute
Pasteur in Paris, France. Two strains, PYCC 5025 and CN 112,
were recovered from environmental sources. Table 2 describes
the sources of isolation, serotypes, and origins for each of the
isolates, which were disclosed after the blind testing was con-
ducted. Through employment of the multiplex assay format,
we determined without ambiguity the varietal status and the
genotypic classification for each of the strains (Table 2). The
varietal classification was in agreement with the identification
submitted by the donors, who used an array of morphological,
biochemical, and PCR molecular techniques to identify the
isolates (I. Spencer-Martins, personal communication).
Among the strains studied, all 12 serotype A isolates belonged

to C. neoformans var. grubii genotype 1 (CN4, CN 32, CN 43,
CN 50, CN55, CN 59, CN 70, CN 95, CN83, CN 112, CN 92,
and CN 74), followed by 3 strains (serotype AD strains CN 38
and CN 40 and serotype D strain CN 79) identified as C.
neoformans var. neoformans genotype 2 (Table 2). The remain-
ing isolate (serotype B strain PYCC 5025) belonged to C. gattii
genotype 4 (Table 2).

Multitarget detection. In order to determine the feasibility
of the Luminex xMAP assay to identify multiple strains in a
single sample, a multitemplate PCR was carried out with the
genomic DNAs from the following isolates: WM 554 (genotype
1), CBS 132 (genotype 2), CGBMA6 (genotype 3), CBS 7523
(genotype 4), and CBS 6955 (genotype 5). The amplifications
used 1.5 mM MgCl2, 200 �M dNTPs, 2.5 units of polymerase,
and equimolar concentrations (0.6 �M) of the primer set IG1F
and IG2R. PCRs were tested with 5 and 10 ng of genomic
DNA from each of the strains. The generated multitarget am-
plicon was hybridized with the probes in a multiplex format.
Our results show that 5 or 10 ng of genomic template in the
PCR enabled the detection of the isolates. Overall, the sensi-
tivity of the multiple-genome PCR was lower than that of the
single-genome PCRs (Fig. 3). However, the fluorescent signal
could be improved by increasing the amount of amplicon in the
hybridization reaction (Fig. 3). When 15 �l of the amplicon
target was used, the hybridization signals were comparable to
those results obtained with single target amplicons (Fig. 3).

Genomic and amplicon detection limits. To determine the
minimum amount of detectable genomic DNA in the PCRs,
serial dilutions of genomic DNA, which ranged from 10 to
10�3 ng, were performed with CNN b, CNN 1b, CNN 2d,
CNG, CNG 3, and CNG 4c. The lowest limit of detection was
1 pg (CNN 2d), followed by 10 pg (CNN b and CNG). Other
probes, CNN 1b, CNG 4c, and CNG 3, showed detection limits
of �50 pg (Fig. 4). Below 10-pg levels, the signal was barely
detectable for all probes except CNN 2d, which showed detec-

FIG. 1. CNG 4c complex probe tested with strains representing all genotypic groups within the C. neoformans species complex. Nucleotide
variations from the probe sequence are depicted in boldface and lowercase letters.
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tion limits as low as 1 pg of DNA with a signal intensity �50
MFI (Fig. 4).

The detection limits of the amplicon targets were deter-
mined with cleaned PCR products serially diluted from 500 to
10�3 ng. The amplicon detection limits determined with CNG
and CNN 1b demonstrated that this assay can detect 0.5 ng
with signal intensities over 50 MFI (data not shown).

Direct detection from cultures. Direct yeast cell amplifica-
tion, which was performed with a pinhead-size portion of a
colony diluted in 15 �l of sterilized water, demonstrated that 4
�l of the cell suspension is sufficient to generate an amplicon
that can be used for the identification of the isolates without

DNA extraction. For this particular experiment, we used a set
of reference strains (Table 1) that had been typed by PCR
fingerprinting and URA5 restriction fragment length polymor-
phism analysis (52).

As shown in Fig. 5 we identified all six strains at the variety
and genotypic levels by direct detection, with the fluorescence
signals (MFI values) ranging from 210 to 867. The identities of
the strains at the genotypic level were as follows: WM 628 and
WM 629, genotype 2; WM 626, genotype 1; WM 178, genotype
3; WM 179, genotype 4; and WM 779, genotype 6. For some
probes, e.g., CNG and CNG 6, the MFI values obtained from
direct amplification (i.e., WM 779) were reduced by �42 to
52% compared to those obtained with extracted DNA material
(data not shown). Nevertheless, the signal intensities of the
probes displayed with nonextracted cells ranged from �10- to
25-fold above the background levels. The reduction in the
signal is probably due to the differential amplification efficien-
cies of both techniques, which resulted in different concentra-
tions of PCR product. For instance, the PCR product concen-
tration obtained by direct amplification (i.e., WM 779)
averaged �33 ng/�l, whereas it was �50 ng/�l when the DNA
was extracted. By increasing the amount of amplicon in the
hybridization assay to 15 �l, the probe signals from cells from
which DNA was not extracted were enhanced by nearly 50%
and were similar to those from cells from which DNA was
extracted (data not shown).

DISCUSSION

Molecular biology-based PCR methods, e.g., reverse cross
blot hybridization (63), nested real-time PCR (5), and multi-
plex PCR (9, 50) have successfully been applied to the identi-
fication of C. neoformans in clinical specimens. However, none
of these methods identified the species at the variety or geno-
typic level. In the present study we successfully adapted the
Luminex xMAP technology to differentiate between the vari-
eties and genotypes of one of the most important fungal patho-
gens, C. neoformans. Differences in the nonconservative region

FIG. 3. Effects of various amounts of the amplicon template mix-
ture on hybridization intensities. The amplicon products were derived
from the simultaneous PCR amplification of five different DNA tar-
gets: WM 554, CBS 7523, CGBMA6, CBS 6955, and CBS 132. The
PCR mixture used 5 ng of each of the targets described above. A
comparison of the signals between the single-target PCR (one strain)
and the multitarget PCR (five strains) is provided.

FIG. 4. Detection levels of genomic DNA with different amounts of genomic DNA in the PCR mixture. Following the amplification, 5 �l of
amplicon was used in the hybridization reaction. The probes (strains) tested were as follows: CNN b (214L), CNG 3 (IMH 1658), CNG 4c (CBS
6289), CNN 1b (WM 554), CNG (CBS 6955), and CNN 2d (CBS 132).
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of the rRNA gene, the IGS region, allowed us to develop and
validate eight different probes that can target the varieties and
the different molecular genotypes of the species. This tech-
nique, which incorporates flow cytometry and a bead-based
capture hybridization assay, was a reliable method for the
detection of members of the C. neoformans species complex.
The assay has been successfully employed for the identification
of all species within the genus Trichosporon (15).

In conventional hybridization assays, discrimination between
duplexes with perfect matches and single-base-pair mismatches
is generally achieved by controlling the temperature or ionic
strength, including formamide, or adding stringent wash steps
with low salt concentrations (51). Another strategy is to ana-
lyze the melting profiles of individual probes spotted on a chip
surface (47). Under the present hybridization assay format,
which involved a short incubation at 55°C, we were able to
meet the stringent conditions necessary to discriminate among
sequences with 1-bp mismatches by the inclusion of 3 M
TMAC. This quarternary alkylammonium salt eliminates the
preferential melting of AT versus GC base pairs and allows
multiple probes with different base pair compositions to be
employed under similar hybridization conditions (73). An ex-
ample of the specificity of the assay is illustrated in Fig. 1,
where no cross-reactivity was observed among isolates bearing
one mismatch from the probe sequence. A similar specificity
was attained in our previous study, in which we employed a
similar hybridization assay for the detection of Trichosporon
spp. (15). As observed, the specificity of the probe was main-
tained if the mismatches were located at positions 9 through 11
from the 5 � or 3� end (Fig. 1). However, if a probe sequence
had two consecutive mismatches that were off centered at
positions 5 to 6 from the 5� end, it was possible to retain the
specificity. For instance, none of the strains (genotype 3) bear-
ing two consecutive mismatches from the probe sequence of

CNG 5b cross-reacted with that particular oligonucleotide.
According to the kinetics of dissociation, the maximum desta-
bilizing effect of a mismatch is achieved when the mismatches
are in the center of the sequence (30) and when the mis-
matches involve A-A, T-T, C-T, and C-A (35). Double consec-
utive mismatches after the last three end positions are known
to produce unstable duplexes, especially if one of the muta-
tions like those portrayed in CNG 5b involves a C-T, which is
considered a significant destabilizing mismatch (35, 45). Mis-
matches involving C-T can lead to a significant distortion in the
helical structure due to the small size of the pyrimidine-pyri-
midine base pair, which results in an unstable duplex (35).

In the current study, some heterogeneity in hybridization
signals was observed among strains belonging to the same
genotypic groups. This effect has been reported by others and
is manly due to differential yields in PCR products or PCR
labeling efficiencies (49), which can be associated with the
quality and/or concentration of the genomic template. Simi-
larly, different probes exhibited different signal intensities after
they hybridized with their perfectly matched target. This wide
range of fluorescence signals, which in our case ranged from
�250 to 2,000 MFI values above background levels, has been
attributed to base composition, base stacking interaction, steric
hindrance, the position of the probe binding site, the secondary
structures of the single-stranded target molecule, hairpin struc-
tures in the probe sequence, and kinetics (31, 36, 58, 69).
Although all of these factors can have a profound effect on the
duplex yield and the fluorescence intensity associated with the
probe-target match, the complex interaction of the mecha-
nisms described above remains a puzzle. In trying to elucidate
this dilemma, some investigators have developed secondary
structural maps of domains D1 and D2 of rRNA or the 23
rRNA gene to evaluate the accessibility of fluorescent probes
based on the secondary structural conformations of the differ-

FIG. 5. Direct amplification and detection of DNA targets. After hybridization, 5 �l of the PCR product was tested with its complementary
probe sequence. The hybridization assay was performed in an eightplex assay. Samples were run in duplicate, and the experiment was run twice.
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ent domains, but the results have been inconclusive (27, 31,
36).

The sensitivity of the assay, as determined by the amount of
genomic DNA in the PCR, indicated that under our assay
conditions we detected between 10 and 50 pg of genomic
DNA. However, for probe CNN 2d, we detected as little as 1
pg. These detection levels can be improved by increasing the
amount of amplicon in the assay, as we demonstrated in a
similar assay format for the detection of the pathogenic yeast
Trichosporon (15). Our detection levels are more sensitive than
those from studies based on PCR-enzyme immunoassay (PCR-
EIA) and molecular beacon probes, which have reported de-
tection limits of 1 ng and 100 pg for the detection of clinically
important fungi (22, 57). Sensitivities equal to or slightly higher
than those documented in this study have been reported for
the detection of Candida spp., C. neoformans, Aspergillus spp.,
and other yeast-like fungal pathogens in studies that used such
PCR-based methods as real-time cycler PCR, PCR-EIA, and
panfungal PCR-multiplex liquid hybridization (1, 32, 33, 46,
72). Other studies that have employed nested PCR reported
sensitivities at femtogram levels for the identification of fungal
pathogens such as Candida and Aspergillus (37) and as few as
10 cryptococcal cells (65). Nested PCR, which uses multiple
PCR amplifications, is known to increase the sensitivity of the
assay, but it can lead to false-positive results due to carryover
contamination (2, 37, 61). Considering the genome size of C.
neoformans (24 megabases), we estimated that 1, 10, and 50 pg
of genomic DNA template correspond to detection limits of
�38, 380, and 1,900 genome copies, respectively. When these
values are converted to cell numbers, the detection limits for C.
neoformans species complex ranged from 4 � 101 to 2 � 103

cells. When it is considered that the numbers of pathogenic
yeast cells in positive blood cultures normally exceed 105

CFU/ml (10) and that the quantity of yeasts in cerebrospinal
fluid specimens ranges from 103 to 107 CFU/ml (60), our de-
tection levels appear to be sensitive for the detection and
identification of this pathogen in clinical specimens.

The detection limits of the amplicon products, which were
assessed with dilution series of the amplification products,
showed that the smallest amount of product for both CNG and
CNN 1b was 0.5 ng, which represents 5.81 fmol and 1.65 fmol,
respectively. These detection levels are identical to those re-
ported by Chen et al. (11), who employed the same technology
for the identification of single-nucleotide polymorphisms. Diaz
and Fell (15) reported slightly less sensitive values, ranging
from 1 to 5 ng, for the identification of Trichosporon spp. A
sensitivity of 1 ng was reported for the identification of Can-
dida species by the use of PCR-EIA (22). After correction for
amplicon length and copy numbers, this sensitivity is equiva-
lent to 106 amplicon copies for CNN 1b and 107 amplicon
copies for CNG. These amplicon detection levels are concor-
dant with those reported by Dunbar et al. (20), who used the
same technology for the identification of bacterial pathogens.

Direct amplification from cultures demonstrated the feasi-
bility of the assay to be undertaken without DNA extraction.
This 2-day culture procedure, which was used to standardize
the assay conditions, can be applied to cultures of any age to
provide a rapid identification. The successful amplification of
intact cells was probably due to factors associated with the
sufficient content of template in the cell suspension and the

high numbers of copies of the target region rRNA gene, which
in fungi are present in hundreds of copies (41, 64). The high
copy number can act as a preamplification step, enabling an
increase in amplicon yield (46, 48).

Multitemplate PCRs, which were carried out with five
strains representing five different genotypic groups, demon-
strated that we can detect and correctly identify multiple
strains in a single sample by the hybridization assay format
described here. However, to accommodate all five strains in a
single PCR and to minimize preferential amplification of tar-
get sequences, certain modifications involving an increase in
primer concentration, DNA template, and amplicon amount
were necessary to achieve successful amplification and identi-
fication. The simultaneous screening of pathogenic strains is a
practical way to identify multiple species or IGS region geno-
types that coexist in a single host or environmental source. For
instance, Lazera et al. (44) reported the occurrence of C.
neoformans var. neoformans and C. gatti in the same environ-
mental habitat. Even though multiple infections with strains
with different IGS region molecular types can be a rare occur-
rence in specimens from single patients or a single environ-
mental source, the fact that we can identify C. neoformans at
the species, variety, or IGS region genotypic level in a single
sample illustrates the potential and capability of the assay,
which could be easily adapted for the simultaneous identifica-
tion of other fungal pathogenic species.

In conclusion, we adapted this high-throughput technology
to the identification of the species complex C. neoformans from
culture-based material. The assay described in this study
proved to be specific, sensitive, and flexible and allowed a
complete array of different target species to be identified in a
multiplex format by pooling probes of interest. The assay can
be executed in less than an hour after the amplification step.
Although most of our experiments used extracted DNA, we
demonstrated that this step could be omitted, as biotinylated
amplicons can be generated directly from intact yeast cells.
These options decrease the time for sample preparation, the
amounts of reagents and samples required, and the cost of the
assay. Once the probes are developed, the cost of operation is
relatively low, as the microspheres are inexpensive and the
assay format requires small reagent volumes. All these aspects
make this assay useful for applications in clinical settings and
epidemiological studies where there is a demand for a high-
throughput system that allows the creation of multiple testing
platforms for routine testing. Further studies involving clinical
cultures and clinical specimens are under way.
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